Chemical activation by H2O2 increased the removal capacity of biochar pyrolyzed at 350°C.
Introduction
Environmental contamination by metals has become a serious problem due to their indefinite persistence in the environment which lead to water, air and soil contamination and health risks Metals can be released into the environment from several industrial processes such as mining, metal processing, automobile manufacturing, refining of ores and combustion of fossil fuels (Tchounwou et has been proved as one of the most promising techniques and activated carbon (AC) is currently one of the most used adsorbents in such treatments. However, the necessity to find more costeffective treatments have led researchers to explore the feasibility of low-cost materials as metals adsorbent. Materials like zero valent iron, agricultural waste such as nut shell, fruit bagasse, rice and coconut husk, egg shells, seafood waste and chitosan have been investigated as material for the removal of metals and other pollutants from water (Lim and Aris, 2013 ).
Other researchers have investigated the production and use of biochar from feedstocks such as plant residues (Chen et al., 2011; Yao et al., 2011) , animal manures (Cao and Harris, 2010), sewage sludge (Wang et al., 2011 ) and swine manure (Meng et al., 2014) Biochar is a carbon rich material produced by combustion under reduced oxygen supply (pyrolysis) of organic (plant, wood, agricultural waste, sludge, poultry litter) materials. In this framework, this study investigated the capacities of a biochar derived from Miscanthus x giganteus plant as copper and zinc adsorbent. Being adsorption influenced by many factors including pH, pyrolysis temperature, and presence of oxygen-containing functional groups on adsorbent's surface, a comprehensive investigation on Miscanthus x giganteus derived biochar under different operating conditions was conducted along with modelling studies through equilibrium isotherm equations. Moreover, two types of activated carbons (AC Fluval and AC Norit) were tested for comparison. Miscanthus x giganteus raw biomass, due to its low performance was included in the study as a control.
Miscanthus x giganteus is a plant grown in

Materials and Methods
Miscanthus x giganteus biochar
Feedstock for the biochar used in this study Miscanthus x giganteus, a perennial warm-season (C4) grass, was sourced from Adare, Limerick, Ireland. Biochar was produced by pyrolysis in a furnace at 250 atm at two different temperature, 350°C and 600°C (BC350 and BC600, respectively) for 10 min using nitrogen gas to prevent complete combustion; then it was cooled for 10 min in a tube under a nitrogen rich atmosphere.
Activated carbon
Two types of commercially available activated carbon (AC norit and AC fluval) were used in this study. AC norit, a granular activated carbon produced by steam activation of coal, has an average diameter of 1 mm, is suitable for potable water processing and industrial process liquids. Fluval carbon, a pure activated carbon is used in both fresh and salt water treatments.
The inner matrix structure provides a large porous area that permanently traps organic and inorganic wastes and removes many other impurities from the water.
Chemical and physical characterisation of biochars
The specific surface areas (SA) were measured with N2 (g) adsorption at 77 K determined by a Tristar II3020 surface area analyzer (Micromeritics Instrument Co., USA). Specific surface areas (SBET) were taken from adsorption isotherms using the Brunauer, Emmett and Teller (BET) equation (Brunauer et al., 1938) . Elemental analysis of carbon (C), hydrogen (H), oxygen (O) and nitrogen (N) was conducted by ThermoScientific Flash 2000 organic elemental analyser. FT-IR analysis was conducted using a Perkin Elmer Spectrum RX1 FT-IR spectrometer to establish the nature of the biochar and the changes to the structure as a consequence of both pyrolysis and chemical activation.
Adsorption batch experiments
Batch experiments were performed to investigate the adsorption capacity of biochar and activated carbon on copper and zinc metal ions from aqueous solutions. In each experiment, an aliquot mass of 1 g of adsorbent was mixed with 50 mL of Cu 2+ (aq) (Table 1 ). The negligible increase in surface area for biochar pyrolyzed at higher temperature 4 could be due to the increase of volatile fractions which reduce the pores availability (Wang et 5 al., 2016) . Chemical activation also increased the micropore volume for both biochars, while 6 had a negligible effect on the pore size for biochar pyrolyzed at lower temperature and 7 detrimental effect on biochar pyrolyzed at 600°C. The pH of the biochar samples treated with 8 H2O2 was lower respect to the natural counterpart, which can be attributed to the presence of 9 carboxyl surface functional groups, as observed by other authors (Huff and Lee, 2016; Xue et 10 al., 2012). In addition, Huff and Lee (2016) also showed a higher cation exchange capacity 11 (CEC) after H2O2 activation due to the addition of acidic oxygen functional groups on the 12 surface of the biochar. 13 Elemental analyses as well as O/C and H/C ratios are helpful indicators to provide biochars' 16 characterization. Results (Table 2) indicate that an increase of pyrolysis temperature reflected 17 a higher loss of oxygen and hydrogen content, while the carbon content increased. As a 18 consequence of dehydration and decarboxylation reactions which occur at higher temperature, 19 BC600 showed a decreased O/C and H/C ratios, leading to a more stable aromatic-like 20 structure. On the other hand, chemical activation had a noticeable effect on the oxygen content 21 of BC350, resulting in the highest O/C ratio, highest oxygen percentage and lowest carbon 1 22
percentage for the substrate, due to an increase of the oxygen-containing groups and negative 23 2 charges (Table 2) , as also observed by others (Wang et al., 2016) . 24 3 and Bouwman and Freriks (1980), the spectral band at 1600 cm -1 can be due to the aromatic 33 skeletal mode. BC350 and BC350 ACT spectra are similar to each other but more intense than 34 the BC600 and BC600 ACT spectra. Both BC350 and BC 350ACT are dominated by stretching 35 frequencies of the OH at between 3400 cm -1 to 3600 cm -1 , the C-H stretching between 3000 36 cm -1 and 2800 cm -1 , aromatic skeletal mode at approx. 1600 cm -1 and the C-O-(H) stretch at 37 approx. 1050 cm -1 . 38
Figure 1. FT-IR analysis of all biochars investigated. 40
The BC350 sample showed much larger absorption energies than the BC350ACT samples due 41 at lower temperature (300-500°C) and are absent or negligible at higher temperature 48 (500700°C). These data are in accordance with those of the atomic ratios (Table 2) which 49 indicated a decrease of oxygen group and an increase of C-structure, leading to a decrease of 50 biochar's polarity and to an increase of the aromatic structure at higher temperature. Similarly, 51
Huff and Lee (2016), observed changes between treated and untreated samples occurred at 52 1585 cm -1 (C=C stretching), indicating that the H2O2 treatment caused an alteration of the 53 aromatic carbon content. Conversely, the H2O2 treatment caused an increase of the peaks (1315 54 and 1700 cm -1 ) correlated with the carboxylic functionality ( Fig.1) as also observed by Huff 55
and Lee (2016). In the finger printing region (1100-500 cm -1 ), higher temperature induced an 56 aromatic C-H deformation (850-800 cm -1 ). Similar vibrations in the fingerprint region of 57 Mischantus x giganteus biochar pyrolyzed at different temperature were also observed by 58
Mimmo et al. (2014) . In this region, also the H2O2 treatment led to an increase in C-H stretching 59 probably due to conversion from aromatic C=C ring structure (Wang and Griffiths, 1985; Huff 60 and Lee, 2016). Biochar pyrolyzed at 600°C showed less intense infrared peaks due to an 61 increase in the carbon activity and with progression of the pyrolysis at 600°C there is evident 62 disappearance of O-H and C-H stretches mainly due to dehydration. It is possible at this stage 63 that the C-H peaks move from aliphatic to becoming aromatic C-H peaks and then disappear 64 as suggested by Cheng, et al. (2008) . The BC 600 and BC 600 ACT spectra are similar and are 65 dominated by the stretching aromatic skeletal mode at 1600 cm -1 and the C-O-(H) stretch at 66 1050 cm -1 . 67 68
Batch experiments results 69
Adsorption kinetics 70
The effect of the contact time on the adsorption of copper and zinc (at pH 6) was studied ( Fig.  71 2 and 3, respectively). Pseudo-first-order and pseudo-second-order models where applied to 72 describe the copper and zinc kinetics removal and the obtained kinetics parameters were 73 reported in Table 3 . increased as the initial concentration increased (Fig. 2 and 3) , as well as the competition among 9 the metals for the adsorption sites. As matter of result, copper was preferentially adsorbed than 10 zinc onto the four different substrates. The higher affinity of copper over zinc and other metals 11 was also observed for other organic matrices by Fontes and Gomes (2003) . Fontes et al. (2000) , 12
pointed out that zinc is more influenced by electrostatic interactions with the active sites of the 13 surface, whereas copper is more affected by covalent binding, and this is given by the higher 14 ionic potential (ratio between the charge and radius of an ion) of copper (5.48) respect to zinc 15 (5.33), confirming a greater ability of copper to bind through electrostatic interactions. Despite 16 related works (Xue et al., 2012) , showed a faster adsorption after the modification by hydrogen 17 peroxide of peanut biochar, in this case, the modification of biochar by hydrogen peroxide did 18 not increase the adsorption rate, but an increased amount of metal removal was observed for 19 modified biochars pyrolyzed at lower temperature (Fig. 2D, 3D and Fig. 5 ). As showed in 20 Table 2 , the enhanced adsorption capacity of oxidized biochar produced at lower temperature 21 is explained by the increase of O/C ratios, a greater drop of pH and by an increase of negative 22 charges on the biochar surface who lead to a higher attraction of positive charged metal cations 23
. Experimental results were fitted by pseudo-first-order and pseudo-second-order kinetic 24 models to better describe the heavy metal adsorption mechanism. The values 1 and
2,
25 calculated values and the correlation coefficients R 2 are reported in Table 3 . 26 
4
< 0.90), suggesting that the entire adsorption process was better described by a kinetic of a 5 second-order. The goodness of the pseudo-second-order kinetic towards the experimental 6 results was further confirmed by the smaller confidence intervals (with few exceptions for tests 7 at pH 4) obtained between Qe(exp) and Qe(cal) ( Table S1 ), suggesting that the chemisorption process favored by covalent or valency forces, and sharing of electrons may be the rate-limiting 1 step (Ho and Mckay, 1999) . 2 3
Adsorption isotherms 4
Langmuir and Freundlich estimated model parameters for all adsorbents investigated are given 5 in Table 4 . According to the obtained correlation coefficient (R 2 ) for copper, Langmuir model 6 fitted the experimental data better than Freundlich for the substrates investigated at different 7 pH values (higher average R 2 value nearly 0.90), confirming a strong copper-biochar's surface 8 interaction. Moreover, Freundlich parameter (1/n) for copper adsorbed at pH 5 and 6 was below 9 one, confirming a Langmuir-type isotherm. On the other hand, as also observed by others 10 (Sheet et al., 2014), zinc showed a better correlation coefficient, 1/n and k parameter for 11
Freundlich isotherm, indicating that each metal possesses different mechanisms of adsorption. 12 
Effect of pyrolysis temperature 15
The adsorption of copper and zinc at pH 6 by raw Miscanthus x giganteus biomass, BC 16 pyrolyzed at 350 and 600°C is shown in Figure 4 . Experimental results showed a higher 17 removal capacity of BC600 respect to BC350 and raw biomass. Statistical analysis revealed a 18 significantly higher capacity of copper removal by BC600 compared to BC350, while for zinc 19 this difference was statistically reported to be non-significant. Similar tendencies were also 20 observed for both metals (Cu and Zn) at pH 4 and pH 5 (data not shown). respectively at pH6. 26 27 Figure 4 shows the impact of pyrolysis temperature on the removal capacity of biochar. This 28 trend is in line with the results illustrated in Table 1 , which showed a higher pore size of 29 BC600 respect to BC350. As observed by others (Kim et al., (2012) , during pyrolysis, the 30 possible loss of volatile matter fosters the removal of functional groups elements (H, O and N), 31 the atomic ratio reduces, amorphous carbon increase and microstructure develops (Table 1 and  32 2). These characteristics can favor adsorption processes by which van der Waals forces are 33 involved, while for BC350 cation exchange might be favored, due to the presence of carboxyl 34 functional groups. These results are in accordance with the elemental analysis results (Table 1)  35 and FTIR results (Table 2) , which showed a decrease of H, O and N elements with consequent 36 reduction of functional groups and the shift to an aromatic structure. Moreover, the 37 predominant aromatic structure of BC600 provides π -electron density, which is known to bond 38 metal cation to carbon, resulting in the formation of organometallic compounds (Harvey et al., 39 2011) . Similarly, other researchers ( Kolodynska et al., 2012), showed that biochars produced 40 at high pyrolysis temperature had higher metal adsorption capacities. 41 42
Effect of chemical activation by H2O2 43
The chemical modification was investigated by using hydrogen peroxide. As a matter of fact, 44 being H2O2 a strong oxidizing agent (E0H2O2/H2O = 1.78 V) it could provide enough oxidizing 45 power to transform hydroxyl and aldehyde groups into carboxylic ones, thereby enhancing the 46 coordination capability and, eventually, the sorption capacity. As illustrated in Figure 5 , the 47 chemical activation by H2O2 showed two main results: BC600ACT did not show any enhanced 48 adsorption capacity respect to BC600, while BC350ACT showed an enhanced removal 49 capacity respect to BC350. Despite substantiation that the chemical activation by H2O2 lead to 50 increase the oxygen-containing functional groups as indicated in Table 2 and metal-51 complexing functional groups (Fig. 1) , particularly carboxyl groups which enhance the metal 52 adsorption capacity (Xue et al., 2012) , there are also examples that exhibit a lesser effect (Yin 53 et al., 2007) . The reduced adsorption capacity of BC600ACT respect to BC600 is given by a detrimental 61 effect of the chemical oxidation on the physical aspect of the biochar. Indeed, along with a 62 negligible change in BET surface area, BC600 ACT had a reduced pore size (Table 1) (Table 1 and 2), and increased intensity of the O-H stretching of the hydroxyl groups 70 at 3200-3400 cm -1 (Fig. 1 ), reflecting in a higher adsorption capacity. The greater effect of 71 oxidation on biochar pyrolyzed at lower temperature could be due to the lower degree of fused 72 aromatic C structures (Kim et al., 2011) . The correlation between effectiveness of H2O2 73 treatment and biochar pyrolysis temperature was also observed by Xue et al. (2012) 
Effect of pH 79
The effect of pH on the removal efficiency is shown in Figure 6 . Given the higher hydrogen 80 ion competition at lower pH, both metals were adsorbed in larger extent at higher pH values. Under the pH range investigated in this study (4-6), maximum copper removal was at pH 6, biochars' adsorption capacities were comparable with AC fluval and AC norit (activated 10 carbons) tested in parallel in this study (Table 5) Given the pH-dependent metals' uptake mechanisms involved for copper and zinc removal, a 19 study about the determination of the distribution coefficient (Kd) and the selectivity coefficient 20 (α) was conducted. As summarized in Table 6 , the α values (α1) observed at pH 6 were at least 21 3 times higher than those observed at pH 4 and 5, indicating a preferential adsorption of copper 22 to zinc at pH 6 for all biochars investigated. Conversely, according to the α2 values, zinc 23
showed adsorption selectivity to copper at pH 5. 24
The preferential adsorption of copper to zinc could be explained by the capacity of copper to 25 form covalent bonds, and this ability can be related to ionization potential and ionic radius 26 (softness of a metal), as derived by Misono et al. (1967) . Other researchers (Basta and 27
Tabatabai, 1992), reported that copper was preferentially adsorbed to zinc by soil on the basis 28 of softness parameter. McBride (1994) , also explained the higher affinity and preferential 29 retention of metals by other parameters like electronegativity and ionic radii. However, 30
AbdElfaltah and Wada (1981) , found that the metal retention could not be predicted only from 31 electronegativity and ionic radii. These controversial results suggests that the metal retention 32 affinity might involve both covalent and electrostatic bonds. Therefore, it can be concluded 33 that the higher affinity of copper respect to zinc for surface complexation and electrostatic 34 reactions can be explained by higher electronegativity (copper= 2.0; zinc= 1.6), larger softness 35 value (2.89 for copper and 2.34 for zinc) and hydrolysis constant (7. 
Conclusions 48
This study demonstrated that Miscanthus x giganteus derived biochars effectively remove 49 copper and zinc from synthetic wastewater. The temperature of pyrolysis plays an important 50 role on the physic-chemical structure of biochar, affecting the metal removal capacity. Biochar 51 pyrolyzed at higher temperature showed an enhanced metal removal capacity for both copper 52 and zinc. The activation of biochar by H2O2 resulted to be pyrolysis-temperature sensitive, 53 leading to enhanced metals removal capacity of the biochar pyrolyzed at lower temperature 54 (BC350 ACT) for both copper and zinc. The effect of pH revealed that zinc was predominantly 55 removed at pH 5 while copper at pH 6, opening new interesting scenarios about the possible 56 selective removal and recovery of these two metals by Miscanthus x giganteus derived biochar. 
